The estrogen receptor (ER)␣ is a biologically and clinically important ligand-modulated transcription factor. The F domain of the ER␣ modulates its functions in a ligand-, promoter-, and cell-specific manner. To identify the region(s) responsible for these functions, we characterized the effects of serial truncations within the F domain. We found that truncating the last 16 residues of the F domain altered the activity of the human ER␣ (hER␣) on an estrogen response element-driven promoter in response to estradiol or 4-hydroxytamoxifen (4-OHT), its sensitivity to overexpression of the coactivator steroid receptor coactivator-1 in mammalian cells, and its interaction with a receptorinteracting domain of the coactivator steroid receptor coactivator-1 or engineered proteins ("monobodies") that specifically bind to ER␣/ligand complexes in a yeast two-hybrid system. Most importantly, the ability of the ER to induce 
T HE ESTROGEN RECEPTOR (ER)
␣ is a member of the steroid hormone receptor family. It mediates many of the actions of estrogens and plays important roles in the normal development and malignant growth of organs such as the uterus, breast, bone, brain, and cardiovascular tissues (1) . It is also an important drug target for the prevention and treatment of breast cancer (2) .
The ER␣ has a domain structure that is well conserved within the nuclear receptor superfamily (1, 3) . The A/B domain, which is located at the N terminus, has a ligand-independent transcription activation function called activation function (AF)-1. The highly conserved C domain is a DNA-binding domain (DBD), whereas the D domain is a hinge between the C and E domains. The E domain (ligand-binding domain, LBD) is a dimerization, transactivation, and ligand binding domain containing transcription AF-2. The F domain is located at the C terminus of the receptor. The DBD and LBDs have well-defined structures, whereas the A/B, D, and F domains are generally considered to be flexible (4) (5) (6) (7) (8) .
The human (h)ER␣ has a particularly large F domain (41 residues; residues 555-595) among nuclear receptors. The F domain of the ER␣ does not have a high degree of sequence homology with other steroid hormone receptors, including another subtype of ER, ER␤ (9, 10) . Although the F domain is not required for ligand binding or transcriptional activation on an estrogen response element (ERE)-driven promoter, results from several laboratories show that the F domain exerts a complex modulatory role on the activity of the receptor (11) (12) (13) (14) (15) (16) (17) (18) . The F domain is located immediately C terminal to the most C-terminal helix (helix 12; H12) of the LBD that is critical for AF-2 (3). Thus, one can envision that changes in the F domain conformation and/or interactions may lead to significant effects on the LBD function.
Deletion of the entire F domain from the full-length ER␣ eliminates the agonist activity of certain antiestrogens and reduces the agonist activity of estradiol in a cell-specific manner (11) . For example, upon deletion of the F domain, 4-hydroxytamoxifen (4-OHT) loses its agonistic activity in both MDA-MB-231 human breast cancer cells and Chinese hamster ovary cells, whereas ICI 164,384 loses agonist activity only in Chinese hamster ovary cells (11) . Furthermore, when part of the F domain, residues 579-595, is deleted, the ER␣ loses its ability to activate transcription via interactions with promoter selective transcription factor 1 (Sp1) (14) . In addition, we have shown that the agonist activity of 4-OHT is reduced or eliminated not only by deleting the F domain, but by introducing point mutations within it (15) . Of note, the F domain can promote the interaction between the ER␣ and the corepressor TATA-binding protein-associated factor 1␤ (TAF-I␤) (16) . It is tempting to speculate that this may be related to the observation that deletion (18) or mutation (15) of the F domain modulates the antagonist activity of 4-OHT. Using a yeast two-hybrid system, Peters and Khan (18) showed that there was an inhibitory activity in the F domain in the presence of estradiol (E2). The full-length ER␣ interacted with its LBD, but not its LBD F domain, in the presence of E2 (18) . They also demonstrated that the F domain inhibited the interaction of the LBD with the coregulator receptor interacting protein 140 (RIP140) in the presence of E2 (18) . Because the ligand-bound ER is dimeric, the interaction tested by a yeast two-hybrid system between a dimeric ER "bait" and a dimeric ER "prey" is complex, and interpretation of such interaction in terms of the underlying molecular mechanism is difficult.
We have established a system to engineer binding proteins, "monobodies," using a scaffold of the fibronectin type III domain (19) (20) (21) (22) . Previously, we obtained a series of monobodies that binds to the LBD of hER␣ in a ligand-specific manner. We also established a yeast two-hybrid system to investigate conformational changes of the hER␣ LBD using these monobodies and a steroid receptor coactivator-1 (SRC-1) fragment as probes (20) . An advantage of such a yeast system is the absence of endogenous coregulators of the ER that may complicate analysis (23) . Using this system, we demonstrated that the deletion of the F domain increases the interaction of the hER-LBD with SRC-1 receptor interaction domain (RID) and monobodies in the absence of ligand. These results suggest that 1) the hER␣ LBD exists in a conformational ensemble; 2) it samples the "activated" state in the absence of an agonist albeit infrequently; and 3) in the absence of a bound ligand the removal of the F domain shifts this conformational equilibrium toward the activated state.
The studies described above have established that the ER F domain modulates LBD function. However, it is not known which region(s) within the F domain is (are) important for its functions. To address this question, we analyzed the response of a series of truncation mutants of the hER␣ to E2 and 4-OHT on an ERE-driven promoter, the sensitivity of the hER␣ to coexpression of the coactivator SRC-1, and the interaction of a series of hER␣ F domain truncation and point mutants with an SRC-1 RID fragment and a monobody. In addition, we compared the ability of a truncated ER (Q580stop) and the wild-type (wt) ER␣ to induce the endogenous pS2 gene in clones of the MDA-MB-231 cell line stably expressing either protein.
RESULTS

F Domain Truncation and the Response of the hER␣ to E2 and 4-OHT
We have previously shown that point mutations in the region from residue 559 to 565 alter the ER's response to E2 and 4-OHT (15) . To determine the role of other regions within the F domain in the response of the ER␣ to E2 and 4-OHT on an ERE-driven promoter, we constructed additional truncation mutants, Q580stop (containing residues 1-579) and G572stop (containing residues 1-571) (Fig. 1) . These positions were chosen based on secondary structure predictions (15) that suggested an ␣-helical structure in residues 559-570 and an extended (␤-strand-like) structure in residues 580-585. Note that the secondary structure predictions serve primarily as guides to efficiently identifying regions of interest in the ER␣: the results of these functional studies do not require that the predicted structure correspond with the actual structure. The effects of these truncations on the responses to E2 and 4-OHT were assessed in transient cotransfection assays using an ERE-driven reporter in HeLa cells (22) .
E2 increased the activity of the wt and all truncated proteins ( Fig. 2 ; P ϭ 0.007 or less). However, the activity of the ER␣ in the presence of E2 was strikingly reduced in the truncated receptors compared with the wt protein (P Ͻ 0.001). There were no differences among the truncated receptors in their activity in the presence of E2.
Because deletion of the F domain does not alter the half-life of the ER (24), down-regulation of the ER␣ by E2, or the effect of the proteasome inhibitor MG132 (25) , deleting the F domain does not alter the stability, turnover, and/or degradation of the hER␣. Western immunoblotting shows that the mutated receptors were expressed at levels at least as great as the expression level of the wt protein (Fig. 2, inset) . Note that each truncation mutant can be distinguished from the endogenous ER in MCF-7 cell extracts, from the trans-fected wt ER␣, and from the other truncation mutants, by migration on SDS-PAGE; the observed differences in migration are consistent with the predicted molecular weights of the truncated receptors. Also note that the reduced response of the truncation mutants is not due to differences in the receptor expression (Fig. 2 , inset) and it is unlikely to result from decreased binding of E2, because deletion of the entire F domain (S554stop, containing residues 1-553) increases, rather than decreases, the affinity of the ER␣ for E2 (15) . Thus, these results support the idea that there is a functional element within the C-terminal 15 residues of the ER␣ that increases the activity of the ER␣ in the presence of E2 on an ERE-driven promoter.
In the absence of E2, the activity of the G572stop and S554stop mutants was less than the activity of the wt ER␣ (P Յ 0.02). Because of this reduced basal activity, the fold stimulation by E2 is not different between the wt ER␣ and the two mutants (wt, 6.4 Ϯ 1.7; G572stop, 3.9 Ϯ 0.6; S554stop, 3.8 Ϯ 1.2). The fold stimulation by E2 of the Q580stop mutant is substantially reduced, 1.8 Ϯ 0.2.
Next, we tested the effect of the same serial truncations on the weak agonist activity of 4-OHT (10
10
Ϫ6 M) on an ERE-driven reporter in HeLa cells (Fig.  3) . All truncated hERs exhibited less activity than the wt in the presence of either concentration of 4-OHT (P Ͻ 0.001). Furthermore, 4-OHT increased the activity of the wt hER␣, the Q580stop, and the G572stop mutants (P Յ 0.01) but not the S554stop mutant. There was no difference in the 4-OHT-stimulated activity (10 Ϫ6 M) of the Q580stop and G572stop mutants, but the activity of each of these mutants was different from the activity of the wt hER␣ and the S554stop mutant (P Յ 0.007). These results show that deletion of two regions within the F domain, the C-terminal 15 residues and the region between S554 and G572, reduces the agonist activity of 4-OHT on an EREdriven promoter. We have previously reported that point mutations within the region between S554 and G572 impair (S559A/E562A) or eliminate (Q565P) 4-OHT agonism (15) . Taken together, these results show that the two regions within the F domain of the hER␣ selectively modulate its response to ligands. One region, from Q580 to V595, increases the activity of the ER␣ in the presence of either E2 or 4-OHT on an ERE-driven reporter. A different region, between S554 and G572, is essential for the agonist activity of 4-OHT on an ERE, yet is dispensable for the agonist activity of E2 on this same promoter.
Sensitivity of F Domain Truncation Mutants to SRC-1 Overexpression
We then tested the sensitivity of receptors having mutations in the F domain to overexpressed SRC-1 using a transient cotransfection assay in mammalian cells (Fig. 4) . These experiments were carried out by cotransfecting an expression plasmid containing the cDNA for SRC-1 into HeLa cells, along with vectors for the hER␣, ERE-driven luciferase reporter, Renilla luciferase transfection control, and empty vector to equal- ize the amount of DNA transfected (26) . Transcriptional activity was measured after the addition of medium containing 100 nM E2 or vehicle. Preliminary experiments were carried out to determine the amounts of hER␣-encoding and SRC-1-encoding plasmids that would yield significant stimulation of transcription upon addition of SRC-1 to the wt hER␣ in the presence, but not the absence, of E2 (data not shown). Note that the optimal amount of hER␣-encoding plasmid for these experiments, 200 ng, is substantially less than that used in the previous experiments, 800 ng. In the presence of both SRC-1 and E2, each truncated protein exhibited less activity than the wt (P Ͻ 0.0001) (Fig. 4) . Furthermore, the Q580stop mutant also exhibits even less activity than the G572stop and S554stop mutants (P Ͻ 0.001). The activity of the G572stop mutant and the S554stop mutant is not different (P ϭ 0.97). There were no differences among the proteins in the absence of E2 and SRC-1 (P ϭ 0.83), in the absence of E2 and presence of SRC-1 (P ϭ 0.92), or in the presence of E2 and absence of SRC-1 (P ϭ 0.39).
These results show that eliminating the C-terminal 15 residues of the ER␣ reduced its activity in the presence of E2 and overexpressed SRC-1. These results are consistent with the observation that removal of the same C-terminal 15 residues reduced the activity of the hER␣ in the presence of E2 (Fig. 2) and suggest that the C-terminal 15 residues of the hER␣ contain a region that increases sensitivity to SRC-1 overexpression. Surprisingly, successive truncation of the F domain then increased the activity of the ER␣ in the presence of E2 and overexpressed SRC-1, although activity was still less than that of the wt protein. This shows that multiple regions within the F domain modulate the sensitivity of the hER␣ to SRC-1 overexpression.
Effect of the F Domain on Protein-Protein Interactions Mediated by the LBD
The previous functional studies show that truncation of the F domain modulates the activity of the hER␣, but they do not show whether these truncations directly alter the interaction of the ER with other proteins. We therefore constructed and tested the interactions of truncation mutants of the segment corresponding to the LBD and F domains of hER␣ (hER␣-LBD-F) with either the SRC-1 RID or the monobody E3#6 using the yeast two-hybrid system. Like a coactivator, the E3#6 monobody is specific to the agonist-bound form of hER-LBD, but it contains a single LXXLL motif, whereas the SRC-1 fragment contains multiple LXXLL motifs (27) . Figure 5 shows the interactions of the ER␣-LBD-F truncation mutants with SRC-1 RID or with the E3#6 monobody. In the presence of E2, all the truncation mutants interacted with both the E3#6 monobody and the SRC-1 RID, indicating that the F domain is not necessary for the interaction between the E2-bound LBD and a coactivator or a coactivator-like protein.
However, the truncation mutants showed substantial differences in the interactions in the absence of a ligand. As previously reported, there was little interaction of the full-length ER␣-LBD-F (residues 297-595) with the SRC-1 RID or monobody E3#6 (21) . Although residues 297-585 and larger fragments showed little interaction with these probes, residues 297-579 and shorter fragments exhibited significant interaction, suggesting that the inhibitory activity of the F domain requires residues 580-585.
To more finely map residues responsible for the inhibitory activity observed in yeast, we tested all the possible truncation mutants between Q580 and T585 for their interactions with the SRC-1 RID or monobody E3#6 (Fig. 6 ). In the presence of E2, all the truncation mutants that have a C terminus between Q580 and T585 interacted with the monobody E3#6 as strongly as full-length ER␣-LBD-F, as expected (Fig. 6A ). In the absence of E2, residues 297-582 and longer fragments showed very weak interaction with the monobody (Fig. 6B ). Significant increases in interaction were observed when Y582 and Q580 were respectively truncated ( Fig. 6B ), suggesting that these residues are important for the modulatory function of the F-domain.
We found significant variations in the interaction between the E2-bound receptor fragments and the SRC-1 RID (Fig. 6D ), a phenomenon that we did not observe when probed with monobody E3#6 (Fig. 6A) . A 3-fold difference in reporter activity was observed, with the least activity for residues 297-581 and the activity gradually increasing as more residues were included. Because the ER␣-LBD-F truncation mutants were expressed at similar levels as determined by Western blotting (data not shown), the differences were not simply due to different levels of expression. Interestingly, this profile is similar to that for the sensitivity of the hER␣ to overexpressed full-length SRC-1 in mammalian cells (Fig. 4) .
In the absence of E2, the fragment 297-579 interacted with the SRC-1 RID strongly, but the longer mutants showed only weak interaction (Fig. 6E) . When the reporter activity in the absence of E2 is normalized to that in the presence of E2 (Fig. 6F) , gradual decreases in the interaction were seen as residues 297-581 to 297-583 were included, suggesting that residues 580-583 are important for the inhibitory activity.
We then examined whether the variation of the interaction of the receptor fragments with SRC-1 in the presence of E2 (Fig. 6D) is due to the presence of three LXXLL motifs in SRC-1 RID. The monobody, for which no such variant was observed (Fig. 6A) , contains only one LXXLL motif. We tested interactions of the receptor fragments with shorter segments containing a single LXXLL motif, SRC-RID2 and SRC-RID3 (TARHKILHR-LLQEGSPS and SKDHQLLRYLLDKDEKD, respectively; the LXXLL motifs are underlined). SRC-RID2 binds the strongest to ER␣ among the three LXXLL motifs in SRC-1 (28, 29) .
The reporter activities were much weaker with these single RIDs (Fig. 6G) than the larger fragment used in the previous experiments (Fig. 6D) , indicating that simultaneous interactions of multiple RIDs in the longer SRC-1 segment with the receptor strengthen the binding between these molecules. Interestingly, SRC-RID2 gave the same activity profile (Fig. 6G) as the original SRC-1 fragment (Fig. 6D) . By contrast, the activity of SRC-RID3 was too weak to be quantitatively measured. At present, we do not have a mechanistic explanation for this modulation of ER␣-LBD/SRC-1 interaction by the F domain, but it is clear that RID2 is responsible for this phenomenon and that the presence of multiple RIDs is not the cause of this activity difference.
To test whether residues 580-583 are necessary and sufficient for the observed inhibitory activity of the F domain in the yeast assay, the effects of alanine substitution mutations, rather than truncation mutations, were characterized. We selected Y582 and Y583 for mutation because the truncation studies described above indicated that these residues are centrally located in the region that altered the inhibitory activity of the F domain, and they have the largest side chains among the residues in the region. We constructed two single mutants, Y582A and Y583A, and a double mutant, Y582A:Y583A, in the ER␣-LBD-F and examined their interactions with monobody E3#6 or the SRC-1 fragment (Fig. 7) . The mutations increased the interaction between ER␣-LBD-F and these probes in the absence of a ligand. The levels of increase were smaller than the truncation mutants (compare Fig. 7C with Fig. 6C , and Fig. 7F with Fig. 6F ). Furthermore, the double mutant exhibited no effect on its response to either E2 or 4-OHT on an ERE-driven promoter in HeLa cells (data not shown). Thus, perturbations greater than the removal of the phenolic side chains of Y582 and Y583 are required for abolishing the observed modulatory activity of the F domain.
Selective Effects of F Domain Point Mutations on Reaction with Probes for the 4-OHT-Bound Conformation of the ER
Point mutations within the hER␣ F domain have been previously shown to alter its response to E2 as well as the agonist and antagonist activity of 4-OHT (15) . We investigated the effect of these mutations (G556L/ G557L, S559A/E562A, and Q565P) on the interaction of monobodies with ER␣-LBD-F in the presence of 4-OHT or E2. We used three types of monobodies with different binding specificity for ER␣-LBD-F/ligand complexes. The monobodies E3#6 and E2#23 are ER␣-LBD-F/E2 specific, monobodies OHT#1 and OHT#33 are ER␣-LBD-F/OHT specific, and monobody OHT#6 interacts with both ER␣-LBD-F/E2 and ER␣-LBD-F/4-OHT complexes. Surprisingly, only the G556L/G557L double mutation, which is located near the junction of the LBD and F domains and has minimal effects on the agonist activity of both E2 and 4-OHT on an ERE-driven promoter in HeLa cells (15) , exhibited different reactivity with monobody probes than the wt receptor. This mutation eliminated the OHT-dependent binding of the ER␣-LBD-F/4-OHTspecific monobodies (OHT#1 and OHT#33) to ER␣-LBD-F (Fig. 8, D and E, respectively) . However, the G556L/G557L mutation had no measurable effect on the E2-dependent interaction of the ER␣-LBD-F/E2-specific monobodies (E3#6 and E2#23), as well as the SRC-1 fragment, with the receptor (Fig. 8, A-C) . This distinct effect of the G556L/G557L mutation on 4-OHT-dependent receptor-monobody interactions is best illustrated by monobody OHT#6, which interacts with both ER␣-LBD-F/E2 and ER␣-LBD-F/4-OHT complexes. We found that the G556L/G557L mutation selectively eliminated the 4-OHT-dependent interaction of this monobody with ER␣-LBD-F, while having The data for monobody E3#6 and SRC-1 RID are shown in the same manner as in Fig. 5 . A and D, Levels of ␤-galactosidase activity in the presence of E2 (1 M); B and E, data without a ligand. C and F, Activity ratios (activity in the absence of E2 over that in the presence of E2). G, The levels of ␤-galactosidase activity in the presence of E2 (1 M) for the interactions of SRC-1 RID2 (black bars) and SRC-1 RID3 (gray bars) with ER␣ fragments. no effect on its E2-dependent interaction with the receptor (Fig. 8F) .
The F Domain and Expression of the Endogenous pS2 Gene
The previous studies, as well as earlier studies from our and other laboratories, show that truncation or mutation of the F domain alters the expression of exogenous reporter genes, as well as the interaction of the hER␣ with the coactivator SRC-1 and other, engineered, proteins. To test the role of the F domain in the expression of an endogenous gene, we constructed lines of MDA-MB-231 cells that stably express comparable levels of the wt or Q580stop ER, and we measured the induction of the pS2 gene by E2 using quantitative real-time PCR.
In two independent experiments using three cell lines each, truncation of the ER greatly reduced, but did not eliminate, the ability of the ER␣ to respond to E2. In each experiment, the wt ER exhibited an approximately 15-fold greater induction of pS2 mRNA by E2 than did the Q580stop mutant (Fig. 9) . This is consistent with the reduced induction of an exogenous reporter and reduced interaction with SRC-1 exhibited by the Q580stop mutant (Figs. 2 and 4) . Thus, truncation of the F domain alters the activity of the hER␣ not only on exogenous reporter constructs, but on an endogenous gene in a breast cancer cell line.
DISCUSSION
Our results show that specific regions in the F domain of the hER␣ alter its response to E2 and 4-OHT as well as its interaction with the coactivator SRC-1 and monobodies. In mammalian cells, eliminating residues Q580-M595 reduced ligand-stimulated transcription activation on an ERE-driven promoter and the endogenous pS2 gene, as well as sensitivity to overexpressed SRC-1. In transiently transfected mammalian cells, truncation of additional residues partly restored activity in response to E2 on an exogenous reporter and interaction with SRC-1; removal of the entire F domain was required to eliminate the agonist activity of 4-OHT. In yeast, residues Q580-Y583 contain an inhibitory function that reduces the interaction of ER␣ with the monobody E3#6 and the SRC-1 RID in the absence of a ligand. Both assays reveal a previously unsuspected functional complexity within this relatively small region of the protein.
Both the mammalian cotransfection assay and the yeast two-hybrid assay show that the C-terminal residues of the F domain alter the activity of the ER and its interaction with coactivators. However, in the mammalian system basal activity is decreased, whereas in the yeast system basal activity is increased. The difference between the mammalian and yeast systems may be attributed to several factors. The mammalian system uses the full-length receptor and an EREbased reporter, whereas the yeast system uses a LexA fusion protein of the ER␣-LBD-F. Similarly, the mammalian system uses endogenous coactivators or fulllength SRC-1, whereas the yeast system uses the SRC-1 RID or an engineered monobody probe. In addition, the complement of other cellular proteins, particularly coactivators and bridging factors, is different between mammalian cells and yeast (30) . Even so, it is remarkable that both assays show that the extreme C-terminal region of the F domain modulates the activity of the ER␣.
We have proposed that the LBD is in an equilibrium among multiple conformations, and removing the F domain shifts the equilibrium toward the active state in the absence of a ligand (21) . Crystal structures of the hER LBD support the presence of such a conformational ensemble. In the crystal structure of the LBD of the ␤-subtype of ER (hER␤-LBD) bound to an ER␤-specific antagonist, 5,11-cis-diethyl-5,6,11,12-tetrahydrochrysene-2,8-diol (THC) (31), H12 took on a position that was "in between" those in agonist-bound LDB, where H12 forms a part of a coactivator binding groove, and those in LBD bound to 4-OHT and raloxifene, where H12 occupies the coactivator binding groove. This conformation resembles that of the hER␤-LBD/genistein complex, where genistein is a partial agonist (32) . Furthermore, the apo ER␤-LBD binds to a nuclear receptor-box peptide more strongly than the ER␤-LBD/THC complex, suggesting that a small fraction of apo ER␤-LBD exists in a conformation capable of coactivator binding (31) .
Our results in this work suggest that, like the effects of ligands, mutations within the ER␣ LBD-F domain affect its conformation equilibrium, or energy landscape. The F domain is located immediately C terminal to H12, which is central to the conformational changes of the ER␣ LBD. From this architecture, it is not surprising that mutations in the F domain affect the structure and dynamics of the LBD, presumably through the positioning of H12. Indeed, early studies on the F domain suggested that it stabilizes the conformation of the ER␣ in the agonist-bound as well as the antagonist-bound state (11) . Note that, in other steroid hormone receptors including androgen receptor, glucocorticoid receptor, and progesterone receptor, an 11-residue F domain interacts with the LBD by forming an antiparallel ␤-sheet with a region between helices 8 and 9 of the LBD (33) (34) (35) . More recent studies show the F domain of the retinoic acid receptor ␣ stabilizes this receptor in a repressed state (36) . One major question to address is the mechanism through which mutations in the F domain affect the conformational equilibrium of the ER␣ LBD.
Because the constructs used in our yeast two-hybrid studies contained only the LBD and F domains, it is reasonable to postulate that part of the F domain interacts with the LBD to modulate its conformational dynamics. Because the amino acid sequence of this segment, LQKYY, is distinctly different from the consensus LXXLL sequence of the nuclear receptor box, it is unlikely that the LQKYY segment directly competes against coactivator binding. However, the ␣II peptide antagonist identified by Norris et al. (37) as interacting with the E2-bound and the 4-OHT-bound ER␣ contains a sequence, FG-SWY, reminiscent of the LQKYY sequence within the ER␣ F domain. Indeed, recent crystallographic studies show that the ␣II peptide binds to a surface of the ER␣ LBD that is opposite to the coactivator-binding site (38) . Thus, it is possible that the LQKYY segment binds to a surface of the LBD (see below).
The functional data are also best supported by an interaction between the F domain and the LBD and/or other receptor domains. Although the F domain of the hER␣ contains only approximately 42 residues, because of its flexibility it could potentially be extended to as long as approximately 100 Å and, thus, it has ample length to interact with the LBD, other receptor domains, and/or other proteins. The agonist-bound LBD monomer is roughly 30 Å ϫ 40 Å ϫ 50 Å and has different surfaces involved in dimerization, ligand association and dissociation, and the binding of coregulatory proteins (39, 40) . Because of the length of the F domain, different regions within it could interact with different surfaces of the LBD and, hence, selectively influence the multiple activities of the hER␣. Although we detected no interaction between the hER␣-LBD and the hER␣-F using the yeast twohybrid system (data not shown), the interaction could exist but may be too weak to be detected when the LBD and F domains are no longer contiguous in the same polypeptide chain.
It is also possible that the F domain interacts with another protein(s) in such a way that helix 12 cannot take on an active conformation in the absence of an agonist. The ER␣ interacts with heat shock proteins and cochaperones such as Hsp90, p23, Hsp70, Hop, and Hsp40 (41) (42) (43) (44) . Saccharomyces cerevisiae has homologs of these heat shock proteins (hsp) and cochaperones (Hsp82, SbaI, Ssa, Sti1, and Ydj1, respectively), and steroid hormone receptors expressed in yeast bind to all the proteins mentioned above (43, 44) . Hsp90 and cochaperones not only help proper ER␣ folding, they also prevent ER␣ activity in the absence of hormone. Thus, the increased basal hER␣ activity in yeast could be due to removal of an interaction between the hsp protein and the F domain. However, this explanation is unlikely because, in mammalian cells, removal of the F domain reduces, rather than increases, basal activity of the hER␣.
Some of the most interesting results described herein are those with the G556L/G557L double mutant. This double mutation eliminated the OHT-dependent, but not the E2-dependent, interaction of three monobodies with ER␣-LBD-F (Fig. 8) ; it had little effect on 4-OHT-driven or E2-driven transactivation (15) . In addition, the effects of the G556L/G557L mutation on the interactions with OHT#6 monobody are especially MDA-MB-231 cell lines stably expressing the wt or truncated ER were isolated as described in Materials and Methods and seeded in dextran-coated charcoal-stripped medium. After 25 h, cells were washed and medium containing either vehicle alone (ethanol) or 10 Ϫ7 M E2 was added. After an additional 48 h, total RNA was isolated as described in Materials and Methods. The level of ps2 transcripts in each sample was analyzed by real-time PCR using Brilliant SYBR Green and primers designed to amplify a pS2 cDNA fragment of 157 bp between exon 2 and exon3 (pS2 forward, ATA CCA TCG ACG TCC CTC CAG; ps2 reverse. gac acc ctc cag gaa gcg a). The results shown are the mean values of pS2 mRNA levels of three clones each of wt and Q580stop ER in response to E2, in two separate experiments.
intriguing. This monobody reacts similarly with the E2-and 4-OHT-bound ER␣-LBD-F domain, yet the G556L/G557L mutation eliminated only the interaction in the presence of 4-OHT. These results indicate that residues 556 and 557 of the 4-OHT-bound, but not the E2-bound, LBD are located within or near the monobody binding site, so that the incorporation of the large Leu side chain at these positions selectively disrupts the binding interface. These results clearly indicate that mutations in the F domain can dramatically and selectively influence protein-protein interaction involving the ER␣ LBD. This is consistent with results from our and other laboratories demonstrating the role of the F domain in modulating the function of AF-2 (11) (12) (13) (14) (15) (16) (17) (18) 20) .
Studies of the hepatocyte nuclear factor 4␣ (HNF4␣) provide additional support for the idea that the F domain is a functionally and biologically important modulatory region of the nuclear receptors (45) (46) (47) (48) . Alternative splicing gives rise to two forms of the HNF4␣, ␣1 and ␣2, that differ in their F domains; the HNF4␣2 contains a 10-amino-acid insertion in the middle of F that is absent in HNF4␣1 (45) . In transient transfection assays, the HNF4␣2 variant activates transcription 4-fold better than does the HNF4␣1 variant and is more responsive to stimulation by the coactivators glucocorticoid receptor interacting protein-1 and cAMP response element binding protein-binding protein (CBP) (46) . Additional studies show that the F domain of HNF4␣1 can functionally interact with coactivators as well as with corepressors (47) . Most interestingly, a mutation in a predicted ␤-strand-like region of the F domain of HNF4␣2, V393I, is associated with the development of maturity-onset diabetes of the young and exhibits a 50% reduction in activity when compared with the wt protein in transient transfection assays (48) . In the light of our results that a predicted ␤-strand-like region is involved in interactions between the hER␣ and the coactivator SRC-1, it is tempting to speculate there are some functional parallels between the F domains of the two receptors.
In summary, our results show the F domain of the hER␣ contains functional elements that selectively modulate the energy landscape of the protein, its response to ligands, its interaction with the coactivator SRC-1, and the expression of the endogenous pS2 gene. The functional complexity of this region may offer novel opportunities for selective control of the activity of the ER␣.
MATERIALS AND METHODS
Cell Culture and Reagents
HeLa cells were routinely maintained in a 5% CO 2 incubator at 37 C using a mixture of phenol-red-free DMEM/F-12 (Invitrogen Life Technologies, Rockville, MD), 10% dextrancoated charcoal-treated fetal bovine serum (HyClone Laboratories, Logan, UT), and 1% penicillin-streptomycin (Invitrogen), as described by Zhao et al. (22 
Plasmids
The construction of p2ERE-luc was described by Zhao et al. (22) . The construction of the S554stop mutant of the hER␣ was described by Schwartz et al. (15) . The pSG5-HEGO was a generous gift of Drs. Pierre Chambon and Hinrich Gronemeyer (Institute of Genetics and Cellular and Molecular Biology, Strasbourg, France). The pcDNA3.1 containing the wt hER␣ cDNA was the generous gift of Dr. Benita Katzenellenbogen (University of Illinois, Urbana, IL).
Site-Directed Mutagenesis of the hER␣ in pSG5 and pcDNA3.1
The G572stop and Q580stop mutants in the pSG5 and pcDNA3.1 (Q580stop only) expression vectors were constructed by site-directed mutagenesis using the GeneEditor in Vitro Site-Directed Mutagenesis System (Promega, Madison, WI), following procedures suggested by the manufacturer. All mutants were confirmed by DNA sequencing.
Transient Transfection and Dual Luciferase Assay
Transient transfections were carried out as described by Zhao et al. (22) . Briefly, HeLa cells were seeded at a density of 3.0 ϫ 10 5 cells per 35-mm well (six-well cell cluster; Costar, Cambridge, MA) in DMEM/F-12, fetal bovine serum (FBS), and antibiotics as described above. The cells were given 20 h to recover after seeding. Transfection experiments were carried out using the Superfect reagent (QIAGEN, Valencia, CA) according to the manufacturer's instructions. HeLa cells were transiently transfected with a plasmid expressing wt or mutant hER␣ (0.80 g) along with 2ERE-luciferase reporter plasmid (2.0 g) and transfection control plasmid Renilla luciferase pSV40-RL (20 ng) in serum-containing media.
The cells were incubated for 4 h with the transfection cocktail before medium containing E2 (100 nM), 4-OHT (10 nM or 1 M), or ethanol vehicle was added. After 40 h the cells were harvested using Passive Lysis Buffer (Promega). The Dual-Luciferase Reporter Assay system (Promega) was used to determine luciferase activities. Luminescence was measured using a Turner (Palo Alto, CA) 20/20 Luminometer. All transfections were performed in triplicate.
In experiments testing sensitivity to coactivator overexpression, preliminary experiments were carried out to determine the optimal amounts of ER-expressing and SRC-1-expressing plasmids. The amount of the ER-expressing plasmid was reduced to 200 ng, and cells were incubated with 400 ng of either the plasmid expressing SRC-1 (pSRC-1-BK-CMV) or the empty vector (pBK-CMV). All other procedures were performed as described above.
Immunoblotting
HeLa cells were plated at a density of 8 ϫ 10 5 cells/60-mm dish in DMEM/F-12, FBS, and antibiotics as described above. After 24 h, wt hER␣ or mutant expression plasmid (4 g) was used to transiently transfect HeLa cells using the Superfect reagent (QIAGEN) in serum-containing media. The transfected cells were incubated for 4 h before serum-containing media was added. After 40 h cells were lysed in 1ϫ Laemmli sample buffer containing protease inhibitor cocktail (Sigma). The cell protein extracts were separated on a 10% SDS-PAGE gel with 5% cross-linking and transferred to Hybond-P protein transfer membrane (GE Healthcare, Piscataway, NJ). The membrane was blocked in 5% dry milk in T-TBS (20 mM Tris, pH 7.6; 1.5% NaCl; 0.05% Tween) and incubated with the mouse anti-ER monoclonal antibody Ab-11 (Neomarkers, Fremont, CA) (2.0 g/ml) for 3 h, washed in T-TBS, incubated with antimouse horseradish peroxidaseconjugated secondary antibody (1:2000) for 1 h, and washed in T-TBS. Signal was detected using the enhanced chemiluminescence (ECL) kit (Amersham Pharmacia Biotech).
Statistical Analysis
To analyze the activity of the wt and mutated ER on the ERE-driven reporter (Figs. 2 and 3) , the data were first subjected to a log transformation. Random-effects generalized linear models (50) were used to assess the statistical significance of differences in response; observations from experiments run on the same day were assumed to be correlated. The first model fitted included indicators for mutants, for ligand concentrations where appropriate, and for their interaction. Ligand concentrations were included in the model as indicator variables to avoid constraining the shape of the relationship between concentration and response. If the simultaneous test for statistical interaction terms was not significant, a reduced model was fitted in which the interaction terms were omitted. Finally, an even simpler model was fitted in which ligand was parameterized as presence or absence, collapsed over different concentrations. If there was significant interaction in the full model, separate models were fitted for each mutant in which ligands were compared. In the case of significant interaction, separate models for each ligand were also fitted and the mutants were compared. Holm's stepdown procedure (51) was used to control type I errors when making multiple tests among coefficients. Model goodness of fit was assessed graphically.
To analyze the sensitivity of the wt and mutated ERs to SRC-1 overexpression (Fig. 4) , the shape of the empirical distribution of the data (relative luciferase units, RLUs) was assessed graphically and found to be left skewed. Application of a square root transformation resulted in a reasonably symmetric distribution, and the statistical models were built and tested using the transformed data. Data from experiments performed on the same date were assumed to be correlated. Therefore, a mixed-effects analysis of variance was used with date of experiment as a random effect and E2, SRC-1, and protein as fixed effects. The initial model included all two-way interactions. In the reduced model, there is strong evidence (P Ͻ 0.001) of statistical interaction between E2 and SRC-1 and, for that reason, we fitted separate models to each combination of E2 and SRC-1 and compared proteins. Holm's procedure (51) was used to adjust for multiple comparisons. The fit of the model was assessed by examination of residuals and influential points (50) .
Yeast Two-Hybrid Vector Construction
General molecular cloning procedures were according to Sambrook et al. (52) . The plasmids for B42 activation domain-monobody fusions, B42-SRC-1 fusion, and pEGER␣297-595 have been described (20) . The plasmids of the F domain deletion mutants were constructed by subcloning PCR fragments with a termination codon at various positions in the F domain followed by XhoI site. The PCR fragments were digested with NcoI and XhoI and ligated into pEGER␣297-595 that had been cleaved with NcoI and XhoI. Alanine substitution mutants were also constructed using PCR. The plasmid that encodes B42-hER␣-LBD (residue 297-554) fusion was constructed by ligating the SstI-XhoI fragment of pEGER␣297-554 (20) into pYesTrp2 (Invitrogen) that had been digested with SstI and XhoI. A plasmid that encodes LexA-hER␣-F (residue 555-595) fusion was constructed by subcloning PCR fragment containing hER␣-F flanked by EcoRI and XhoI restriction sites between the EcoRI and XhoI sites of pEGER␣297-595.
Yeast Two-Hybrid ␤-Galactosidase assay EGY48 cells that express a "prey" (the B42 activation domain fused to either the SRC-1 RID or monobody E3#6) were mated with RFY206 cells that contain a "bait" (the LexA protein fused to ER␣-LBD-F with or without mutation) and a LacZ reporter gene (20) . The mated cells were grown in the presence of 2% galactose and in the presence or absence of E2 or 4-OHT for 6 h at 30 C, and the ␤-galactosidase activities of the cells were measured as described previously (20) . Western blotting was performed as described previously (20) .
Establishment of MDA-MB-231 Cell Lines Stably Expressing wt and Q580stop hER
Twenty-four hours before transfection, 1 ϫ 10 5 MDA-MB231 cells were seeded in each well of six-well cell culture plates and digested the plasmids (pcDNA3.1 containing either the wt hER␣ cDNA, or Q580stop mutant, constructed as described above) with SspI. MDA-MB-231 cells were transfected with 1 g of either linear plasmid in Superfect Transfection Reagent (QIAGEN). Three hours later, the transfection medium was removed and the cells were cultured with regular medium for 40 h. Thereafter the cells were trypsinized and seeded in 15-cm culture dishes with medium containing geneticin (600 g/ml) (Invitrogen). Single colonies formed in about 2 wk. Twelve colonies from each plate were picked and cultured until confluent in medium with geneticin (400 g/ml). In about 4 wk, the expression of either hER␣ wt or hER␣ Q580stop was detected by estrogen stimulated-transcription of an ERE-driven luciferase reporter construct, followed by Western immunoblotting, and stable cell lines with similar high levels of expression of functional receptors were selected.
Quantitative Analysis of the pS2 Transcript by Quantitative Real-Time PCR
Three ϫ 10 6 MDA-MB-231 cells stably expressing either wt hER␣ or Q580stop mutant were seeded in 60-mm dishes in phenol-red free DMEM/F12 medium (Invitrogen) containing 10% charcoal/dextran-treated FBS (HyClone) and 1% penicillin-streptomycin (Invitrogen). Twenty-four hours later, the cells were washed three times with PBS and culture medium containing either vehicle alone (ethanol) or 10 Ϫ7 M E2 (Sigma) was added. After another 48 h in culture, total RNA was isolated using the RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions. During the isolation of total RNA, the RNA samples were digested by RNase-Free DNase (QIA-GEN). To compare pS2 mRNA levels in the absence and presence of E2, in lines expressing the wt or Q580stop ER, the QuantiTect Reverse Transcription Kit (QIAGEN) was used to synthesize the first strand of cDNA from 1 g total RNA samples. The level of pS2 transcripts in each reverse-transcribed cDNA sample was measured by real-time PCR in triplicate using the MX4000 Instrument (Stratagene, La Jolla, CA) and Brilliant SYBR Green QPCR Master Mix (Stratagene). A pair of primers was designed to amplify a human pS2 cDNA fragment of 157 bp between exon 2 and exon 3 (pS2 forward, ATA CCA TCG ACG TCC CTC CAG; pS2 reverse, aag cgt gtc tga ggt gtc cg). The pS2 transcript level was standardized to the level of the 36B4 transcript, a human ribosomal protein (36B4 forward, G GTG TTC GAC AAT GGC AGC ATC; 36B4
